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the  processes  of  desorption,  migration  and  chemical  reactions  at  a  gas- 
solid  Interface.  Applications  of  laser-induced  surface  chemistry  to 
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I.  Introduction 

During  the  past  several  years,  the  area  of  laser-induced  surface  chemistry 
has  become  an  established  interdisciplinary  pursuit  among  researchers  from  the 
fields  of  physical  chemistry,  surface  science  and  optics.  A  variety  of  inter¬ 
esting  processes  can  be  induced  or  modified  at  a  gas-solid  interface  by  laser 
radiation.  These  include  desorption,  migration  and  chemical  reactions.  Such 
processes  are  vital  constituents  of  heterogeneous  catalysis,  and  in  Section  II 
we  shall  review  some  of  the  key  theoretical  and  experimental  developments 
along  these  lines.  Related  laser-induced  processes  which  have  received  atten¬ 
tion  are  deposition,  lithography  and  annealing.  These  are  of  prime  interest 
in  the  microelectronics  industry  for  use  in  the  construction  of  integrated 
circuits,  and  in  Section  III  we  shall  summarize  the  current  state  of  the  art 
and  possible  extensions.  Concluding  remarks  are  made  in  Section  IV. 


II.  Heterogeneous  Catalysis 


Heterogeneous  catalytic  reactions  involving  fundamental  gas-surface 

interactions  at  the  phase  interface  are  usually  characterized  by  the 

1  2 

following  sequence  of  events:  * 

(1)  Diffusional  transfer  of  gas  species  (reactants)  to  the  surface. 

(2)  Adsorption  of  reactants  onto  the  surface. 

(3)  Events  on  the  surface,  e.g.,  migration,  scattering  and  reaction. 

(4)  Desorption  of  products  from  the  surface. 

(5)  Diffusion  of  desorbed  specks  away  from  the  surface. 

The  diffusion  steps  1  and  5  are  fairly  well  understood  within  a  frame¬ 
work  such  as  gas  kinetic  theory  and  generally  do  not  play  a  critical  role  in 

th~  surface  rate  processes.  Steps  2,3  and  4  involving  the  actual  gas-surface 
interaction  are  usually  the  rate-determining  steps  and  may  be  greatly  influ¬ 
enced  by  laser  radiation  through  the  effects  such  as:  (i)  dissociation/ 
decomposition  of  the  reactants  both  in  the  gas  phase  and  in  an  adsorbed  phase; 
(ii)  local  heating  of  the  substrate;  (iii)  selective  excitation  of  the  active 
mode  of  the  adspecies;  and  (iv)  bond  breaking  of  the  adspecies-surface  complex 
through  direct  and  indirect  channels. 

In  this  section,  we  shall  first  discuss  the  possible  effects  of  laser 

radiation  on  the  main  steps  in  the  heterogeneous  catalytic  reaction,  namely, 

adsorption,  migration  and  desorption  (Parts  A-C).  The  influence  of  laser 
radiation  on  the  overall  chemical  reactions  involving  the  combination  of 
these  individual  steps  will  then  be  addressed  in  Part  D. 

A.  Adsorption 

When  gaseous  species  (reactants)  diffuse  to  a  catalytic  surface, 
collisions  between  these  species  and  the  surface  will  lead  to  adsorption. 
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either  physically  or  chemically  depending  upon  the  forces  responsible  for 
the  adsorption  process.  In  physisorptlon,  the  electron  cloud  of  the  adspecies 
interacts  as  a  whole  with  minimal  distortion  with  the  adsorbent.  In  chemi¬ 
sorption,  on  the  other  hand,  the  shape  of  the  electron  cloud  is  distorted 
and  charge  is  interchanged  with  the  adsorbent.  In  general,  physisorption  is 
a  weaker  bound  state  and  involves  higher  mobility  compared  with  the  chemi¬ 
sorption.  Physisorbed  bonds  are  typically  on  the  order  of  10  kJ/mol,  whereas 
chemisorbed  are  on  the  order  to  100  kJ/mol  or  higher.  The  rate  of  adsorption 
can  be  limited  by  transfer  phenomena  such  as:* 

(1)  The  rate  of  mass  transfer  of  the  gas  to  the  adsorbent  surface. 

(2)  The  rate  of  transfer  of  heat  liberated  by  the  adsorption  process 
from  the  captured  molecule  to  the  adsorbent,  and  vice  versa. 

(3)  The  rate  of  surface  migration  along  the  surface  of  the  adsorbent 
to  the  most  favorable  adsorption  site. 

Therefore,  a  complete  description  of  adsorption  kinetics  includes  not  only 
the  time  variation  of  the  total  amount  adsorbed,  but  also  the  relationship 
among  the  adsorption  rate,  pressure  and  substrate  temperature. 

The  influence  of  laser  radiation  on  the  aforementioned  adsorption 
kinetics  may  be  thermal  or  nonthermal  depending  upon  the  frequency  of  the 
radiation  and  the  state  of  the  excited  species  (gas  or  adsorbed  phase). 
Adsorption,  either  physisorbed  or  chemisorbed,  may  be  enhanced  by  laser 
radiation  in  a  variety  of  ways,  such  as  photodissociation  of  the  reactants, 
vibrational  excitation  of  the  gas-phase  species,  electronic  excitation  and/or 
electron-hole  generation  of  the  adsorbate-adsorbent  complex,  and  direct  local 
heating  of  the  substrate.  Experimental  studies  of  laser-enhanced  adsorption 
have  been  extensively  explored,  and  reported  examples  are:  (i)  multiphoton 

3 

dissociated  SFg  adsorbed  on  Si  surface;  (ii)  dissociation  of  Ng  molecule 


A 

which  otherwise  cannot  chemisorb  on  metal  surfaces  such  as  Cu  and  Ru; 

(iii)  single-photon  photolyzed  Brg  interaction  with  Ge;^  (iv)  vibrational 

excitation  of  methane  as  part  of  the  chemisorption  mechanism  on  metal 

*  6,7 

surfaces. 

Theories  of  gas-surface  scattering  and  sticking  processes  in  the  absence 

O 

of  laser  radiation  have  been  presented  in  the  past  several  years.  It  is 
known  that  the  incoming  particle  can  be  adsorbed  when  its  kinetic  energy  is 
dissipated  into  the  other  degree  of  freedom,  e.g.,  excitation  of  phonons  and 
electron-hole  generation.  The  rate  of  adsorption  may  be  described  by1 

kA  =  s<j>  exp(-EA/kBT) ,  (1) 

where  s  is  the  sticking  probability  of  the  incoming  particles  with  flux  <t>, 

Ea  is  the  activation  energy,  and  kg  is  Boltzmann's  constant.  In  the  presence 

of  laser  radiation,  the  adsorption  rate  may  be  enhanced  via  two  channels: 

either  increasing  the  sticking  probability  or  overcoming  the  adsorption  barrier. 

The  effective  activation  energy  may  be  lowered  by  the  absorption  of  photon 

energy  tiw,  i.e.,  =  EA  -  -fta,  which  enhances  the  rate  of  adsorption. 

To  demonstrate  the  influence  of  laser  radiation  on  the  transition  of  the 

incoming  particle  from  a  continuum  to  a  bound  state,  let  us  first  discuss  the 

energy  transfer  involved  in  an  inelastic  scattering  process.  The  energy 

transfer  from  the  incoming  particle  to  the  substrate  via  surface  excitations 

(phonons  or  electron-hole  pairs)  is  given  by  the  Fourier  transform  of  the 

g 

driving  force  acting  on  the  substrate  surface, 

4Eo  (2) 

for  systems  In  which  the  surface  excitations  are  not  damped.  Here  m  is  the 
mass  of  the  substrate  atom,  and  wq  is  the  frequency  of  the  particle-substrate 
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bond.  The  driving  force  is  for  a  fixed  normal  distance  z  of  the  incoming 
particle  from  the  substrate  is  given  by  F{t)  =  -aV(t)/3x.,  where  V(t)  is  the 
dynamical  potential  between  the  particle  and  the  susbstate,  and  £  is  the  posi¬ 
tion  vector  of  the  substrate  atoms.  In  general,  the  surface  excitations  are 
coupled  to  the  bulk  phonons  which  give  rise  to  a  damping  factor  r  in  the 
equations  of  motion  for  x.  These  phonons  or  excited  bosons  have  a  frequency 
distribution  p(co),  and  the  overall  energy  transfer  is  then  given  by 

®  t 

AE  *  /  d wj  cdt p(w)F(t,w))<(t ,u>) ,  (3) 

-oo  o 

where  F  now  has  a  frequency  dependence  for  the  excited  bosons,  and  t  is  the 
collision  time.  The  velocity  x  of  the  excited  bosons  can  be  found  in  terms 
of  the  solution  to  the  damped  equations  of  motion 

o 

x  +  2rx  +  u)  x  =  F(t)/m.  (4) 

Laser  radiation  can  influence  the  adsorption  of  the  species  or  the  energy 
transfer  dynamics  through  the  driving  force,  for  example,  by  increasing  the 
collision  time  tc. 

To  further  demonstrate  these  effects,  we  consider  a  semi  classical  model 
as  shown  in  Figure  1.  The  probability  of  the  incoming  particle  to  make  a 
transition  from  state  I  to  II'  and  to  adsorb  onto  the  surface  may  be  given  by 
a  Golden-Rule-type  expression, 

oo 

PI,H*  “  l  PlP2P3^“j^ 


(5) 
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where  P^  is  the  probability  of  an  electronic  transition  from  state  II  to  II', 

?2  is  the  Landau-Zener-type  curve-crossing  probability  from  state  I  to  IT, 
and  PjUj)  is  the  probability  for  the  excitation  of  the  j-th  phonon,  or  electron- 
hole  pair,  with  energy  K.-tfw.  and  density  of  states  p(oj.),  where  K.  is  the 

J  J  J  J 

initial  kinetic  energy.  The  overall  sticking  probability  or  transition 
probability  Pj  jj,  can  be  enhanced  by  laser  radiation  via  two  channels:*® 

(i)  electronic  excitation  of  the  adspecies  potential,  i.e.,  the  transition 
probability  Pji  and  (ii)  vibrational  excitation  within  the  electronically 
excited  state  II',  which  compensates  the  energy  mismatch  K.-fia).  and  in  turn 

J  J 

increases  the  diabatic  curve-crossing  probability  Pg  and  the  energy  transfer 

probability  P^  via  the  surface  excitations.  We  note  that  the  energy  transfer 

2 

probability  P3  is  proportional  to  tc>  which  must  be  larger  than  the  inverse  of 
the  "predissociation  broadening"  in  order  that  the  incoming  particle  may  be 
significantly  trapped  in  the  surface  potential  well.  We  also  note  that  laser- 
enhanced  adsorption  in  general  is  accompanied  by  the  other  surface  processes 
such  as  migration  and  desorption.  For  example,  in  pressure-limited  adsorption, 
the  adsorption  rate  of  the  reactants  is  limited  by  the  co-adsorption  of  the 
products.  Laser  desorption  of  these  products  will  open  the  product- 1 i mi ted 
channel  and  enhance  the  adsorption  of  the  reactants.  This  will  be  discussed 
further  in  Part  D  where  we  study  the  influence  of  laser  radiation  on  the 
overall  reaction. 

B.  Migration 

We  shall  now  investigate  the  influence  of  laser  radiation  on  the  third 
step,  migration,  which  follows  the  second  step,  adsorption.  In  many  cases, 
adspecies  in  the  vibrational  ground  state  of  the  surface  potential,  such  as 
shown  by  curve  II  in  Figure  1,  are  unable  to  migrate  along  the  surface. 
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particularly  for  chemisorbed  species  whose  migration  barrier  is  higher  than 
the  thermal  energy  provided  by  the  substrate.  In  these  situations,  the  laser 
is  essential  to  inducing  migration,  which  may  be  achieved  via  several  channels: 

(1)  Local  laser  heating  of  the  substrate  with  thermal  energy  sufficiently 
high  enough  to  overcome  the  migration  barrier. 

(2)  Vibrational  excitation  of  the  adspecies  followed  by  a  transition 
from  a  strongly  chemisorbed  state  to  a  mobile  physisorbed  state. 

(3)  Electronic  excitation  of  the  adspecies-surface  complex  causing 
the  rearrangement  of  the  molecular  bond  structure. 

In  channel  (1),  the  migration  may  be  followed  by  a  desorption  process  if 
the  substrate  surface  is  further  heated.  Channel  (2)  may  also  be  assisted  by 
channel  (1)  through  indirect  heating  of  the  substrate,  where  the  substrate 
phonons  are  strongly  coupled  to  the  active  mode  of  the  adspecies.  Finally, 
laser-induced  decomposition  and/or  predissociation  of  the  admolecule  are 
usually  involved  in  channels  (2)  and  (3),  where  the  dissociated  adspecies 
encounters  a  lower  migration  barrier  compared  with  that  of  the  associated 
adspecies. 

Experimentally,  little  work  has  been  done  on  laser-induced  migration.1* 

In  the  following  discussion,  we  shall  look  at  the  theoretical  aspect  and  focus 

on  one  of  the  most  significant  migration  channels,  namely  the  vibrational 

excitation  of  the  adspecies.  The  dynamics  of  laser-induced  migration  may  be 

12 

well  described  by  a  microscopic  Hamiltonian, 


H(t)  =  H0(Q1,Q2,..,Qn)  +  l  t  CVkk,(Q1.Q2...,QN)  +  HAF(t)]ckck" 

k ,  k 


(6) 


where  HQ  is  the  unperturbed  Hamiltonian  of  the  system  (adspecies  plus  sub¬ 
strate),  with  N  normal  coordinates  Qj,  Vkk,  is  the  lattice-site-dependent 
interaction  potential  of  the  adspecies,  c£  and  c^,  are  the  site  operators  for 
a  transition  from  k-site  to  k'-site,  and  H^p(t)  is  the  interaction  Hamiltonian 
between  the  laser  field  and  the  active  mode.  It  is  seen  that,  from  Eq.  (6), 
migration  or  lattice-site-hopping  of  the  adspecies  may  be  achieved  by  both  the 
thermal  phonon  fluctuations,  through  V^, ,  and  the  coherent  laser  excitation, 
through 

A  second-quantization  representation  of  the  above  dynamic  Hamiltor  n 
enables  us  to  calculate  the  migration  rate,  which  is  characterized  by  t\ 

Fourier  transform  of  the  autocorrelation  function  of  the  interaction  Hamiltonian. 
Employing  the  density  matrix  technique,  we  obtain  a  generalized  master  equation 
(GME)  of  the  form13 


dP(m,n,i ,t) 
dt 


I  dt'  I  [wLL!  .(t-t'Mm'.n'.i'.t') 
0  rn'.n'.r  m  ,nn 


m'n.n' nv 


-  W^.,1  _ , _( t-t *  )P(m,n,i  ,t‘ )], 


(7) 


where  P(n,n,i,t)  is  the  probability  of  finding  the  adspecies  at  the  lattice 

4  4  I 

site  (m,n)  and  at  the  i-th  vibrational  level  at  time  t,  ,(t)  is  a  time- 

dependent  transition  rate  from  state  (m'.n'.i')  to  (m,n,i),  and  Wm,m  n.p(t)  is 
the  associated  reverse  rate.  We  note  that  in  the  above  general  form  the  transi¬ 
tion  rates  are  not  only  time  dependent  but  are  also  governed  by  both  the  site  c 
coordinates  (m,n)  and  the  vibrational  states  of  the  adspecies  (i )  which  are 
activated  by  the  laser  radiation. 


Depending  on  the  migration  barrier  and  the  vibrational  spectrum  and 
status  (physisorbed  or  chemisorbed)  of  the  adspecies,  laser  radiation  may 
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induce  two  types  of  migration:  horizontal  migration  for  a  transition 
from  (m,n,i)  to  (m'.n'.i)  and  oblique  migration  for  a  transition  from 
(m,n,i)  to  (m'.n'i1)  with  i‘>i.  The  first  type  usually  involves  a  physi- 
sorbed  state  of  highly  mobile  adspecies  and  may  be  thermally  induced  either 
by  direct  laser  heating  or  phonon-mediated  excitation.  The  transition  or 
migration  rate  of  this  type  may  be  described  by  an  Arrhenius  form 

^1  =  +  (8) 

where  is  the  migration  barrier,  and  T^  is  the  laser-induced  temperature 
rise  of  the  substrate  whose  initial  temperature  is  Tfl.  The  second  type  of 
migration,  on  the  other  hand,  may  be  written  as 

k2  =  k^exp[-(EM-<n>flu)/kBT0].  (9) 

Here  the  effective  migration  barrier  is  reduced  by  the  amount  of  photon  energy 
absorbed  by  the  adspecies,  <n>fiw,  where  <n>is  the  average  number  of  photon 
absorbed.  T^  does  not  appear  in  Eq.  (9)  since  the  substrate  is  not  significantly 
heated,  i.e.,  T^<<Tg. 

In  the  Markoffian  or  random-phase  approximation  and  within  the  assumption 
of  only  nearest-neighbor  hopping,  the  above  GME  reduces  to  the  standard 
master  equation  (ME).  On  the  supposition  that  the  migration  barrier  is  lower 
in  one  particular  direction,  then  the  adspecies  will  migrate  preferentially 
in  this  specific  direction, and  the  2D  ME  further  reduces  to  a  ID  ME, 

dP 

T?  ■  «pnrt  *  Pn-1  '  2Pnl' 


(10) 


where  Pfi  is  the  probability  associated  with  the  n-th  lattice  site  in  th’s 
preferred  direction.  The  associated  root-mean-square  displacement  may  be 
calculated  from  the  above  ME,  and  the  migration  coefficient  is  thus  found 
to  be14*15 

D  =  2(Wt  +  WL  +  Wj)d2,  (11) 

where  d  is  the  lattice-site  spacing,  and  Wy  L  j  are  the  migration  rates  caused, 
respectively,  by  the  thermal  phonons,  laser  radiation  and  their  interference. 

The  thermal  excitation  rate  is  given  by 

WT  =  W0exp(-EM/kBTs),  (12) 

which  is  an  Arrhenius  form  as  usual.  However,  the  laser  excitation  rate 
is  given  by  a  Lorentzian 

WL  =  AI/(a2  +  r2),  (13) 

where  A  is  proportional  to  the  square  of  the  derivative  of  the  transition 
dipole  of  the  adspecies,  I  is  the  laser  intensity,  and  a  and  r  are  the 
detuning  and  the  damping  factors,  respectively.  The  salient  feature  of  the 
laser  excitation  rate  is  that  selective  migration,  either  spatially-selective 
or  adspecies-selective  (for  a  single  isotope  or  Isotopic  mixture),  may  be 
achieved  by  tuning  the  laser  frequency  to  meet  the  resonance  condition  A-0. 

For  small  values  of  r,  the  adspecies  of  interest  may  be  excited  without 
significantly  heating  the  substrate.  Application  of  laser-induced  migration 
to  diffusion-limited  rate  processes  will  be  discussed  in  Part  D. 
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C.  Desorption 

Desorption  of  adspecies  from  a  solid  surface  may  be  achieved  by  con¬ 
ventional  thermal/flash  processes,*®  electron-stimulated  processes,17  and 
laser-stimulated  processes  which  will  be  discussed  in  this  part  of  Section 
II.  Desorption  processes  stimulated  by  UV,  visible  and  IR  laser  radiation 

18 

have  been  studied  extensively  in  the  past  several  years  both  experimentally 
19 

and  theoretically.  Examples  of  UV/visible-laser-induced  desorption  involving 

the  electronic  excitation  of  the  adspecies  are:  (i)  desorption  of  CO  from 

20  21 
metal  surfaces;  (ii)  desorption  of  COg  from  metal  oxide  surfaces;  and 

22 

(iii)  desorption  of  molecular  ions  from  molecular  crystal  surfaces. 

Examples  of  experimental  studies  of  IR-laser-induced  desorption  involving 

resonant  vibrational  excitation  of  the  admolecule  are  also  available:  (i) 

23 

desorption  of  CHgF  from  NaCl  film  deposited  on  a  single  NaCl  crystal; 

(ii)  desorption  of  CO  from  Pd  surface;24  and  (iii)  desorption  of  pyridine 

from  KC1,  Ag  island  film/quartz,  Ag(110)  and  Ni  foils.  Another  type  of 

desorption  process,  namely  laser-induced  thermal  desorption,  has  been  reported. 

Examples  are:  (i)  desorption  of  Dg  from  W  surface  covered  by  D  atoms  using 

26 

a  Q-switch  Nd:glass  laser;  (ii)  desorption  of  CO  from  Fe(110)  and  Cu(100) 
surfaces.11,27 

Selective  laser-stimulated  desorption  achieved  by  IR  radiation  is  the 

most  widely  studied.  We  shall  therefore  discuss  possible  mechanisms  for  this 

type  of  desorption  and  compare  the  theories  which  are  available.  Laser- 

desorption  may  be  achieved  by  one  or  more  sequential  channels  which,  as  shown 

19 

in  Figure  2,  are  cataloged  into  six  types.  For  type  I  processes  involving 

multiphoton  excitation  of  the  adspecies,  calculations  have  been  reported  based 

28  29  30 

on  harmonic  potential,  anharmonic  potential  and  Morse  potential  models. 


In  the  Morse  potential  model,  the  calculated  laser  intensity  for  desportion 

is  unlikely  higher  than  one  would  expect.  Therefore,  the  concept  of  a 

"quasi continuum"  is  introduced  in  type  II.  Within  the  quasicontinuum  regime, 

the  resonance  condition  is  always  satisfied  and  photon  energy  may  be  deposited 

into  the  adspecies  to  cause  bond  breaking  without  being  blocked  by  the 

anharmonicity.  Indirect  desorption  via  Fano-type  bound-continuum  coupling 

is  also  possible  as  shown  in  type  III.  Calculations  based  on  this  type  of 

desorption  channel  and  using  the  master  equation  technique  have  been  investi- 
31  32 

gated.  *  For  an  adspecies  which  is  strongly  coupled  to  the  substrate  by 
a  highly  anharmonic  surface  potential,  the  desorption  channel  might  be 
assisted  by  thermal  phonons  as  shown  in  types  IV  and  V.  Another  indirect 
desorption,  type  VI,  is  accompanied  by  other  rate  processes  such  as  migration, 
scattering,  recombination  and  dissociation  of  the  reactants  or  the  products. 

We  shall  mention  as  an  example  the  simple  theory  involved  in  the  most 
favorable  desorption  channel,  type  V.  When  the  adspecies  is  highly  excited 

into  the  quasicontinuum  and  in  thermal  equilibrium  with  the  locally-heated 

19 

substrate,  the  desorption  rate  may  be  approximated  by 

kD  =  k0exp[-(E*  -*«<n>)/kBTj],  (14) 

where  E*  is  the  threshold  desorption  energy,  T|  is  the  maximum  surface 
temperature  at  the  adsorption  site,  and  <n>  is  the  average  number  of  photons 
adsorbed  by  the  adspecies.  We  note  that  for  systems  with  high  coverage, 
e  >  0.5,  the  interactions  among  the  adspecies  may  be  significant  and  the 
desorption  energy  should  be  modified  as  E*  +  66,  where  se  >  0  is  the  correction 
factor  (assumed  to  be  linearly  proportional  to  the  coverage). 
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D.  Chemical  Reactions 

We  have  so  far  discussed  laser-stimulated  dynamics,  adsorption, 
migration  and  desorption.  In  general,  laser-stimulated  surface  processes 
(LSSP)  should  include  (in  addition  to  the  above  three  processes)  recombina¬ 
tion,  decomposition,  deposition,  etching,  and  annealing,  etc.  Before 
investigating  the  influence  of  laser  radiation  on  the  overall  surface  rate 
processes,  some  of  the  important  features  of  LSSP  and  their  applications 

19 

and  implications  to  surface  chemistry/physics  are  summmarized  as  follows: 

(1)  Enhancement  of  surface  diffusion-limited  reactions. 

(2)  Enhancement  of  the  mobilities  of  selective  species  in  a 
multicomponent  environment. 

(3)  Control  of  the  concentration  of  reagents  by  selective  desorption 
or  exci tat ion- induced  migration  of  the  species. 

(4)  Study  of  decomposition  and  recombination  rate  processes  on 
solid  surfaces. 

(5)  Study  of  the  catalytic  properties  and  heterogeneity  features 
of  the  adsorbents. 

(6)  Isotope  separation  and  mass  separation  of  adspecies  via  selective 
desorption  (laser  chromatography). 

(7)  Study  of  the  composition  and  location  of  the  active  sites  and 
the  conformation  structure  of  the  adspecies. 

(8)  Fabrication  of  microelectronics  via  laser-induced  chemical  vapor 
deposition,  microetching  and  laser  annealing. 

Laser  radiation  may  influence  overall  surface  chemical  reactions  in  a 


variety  of  ways  depending  upon  the  physical  and  chemical  states  of  the  excited 
species  and  frequency  spectra  of  the  adspecies-surface  system.  We  shall  focus  on 
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vibrational-excitation-enhanced  reactions  and  diffusion-limited  processes. 
Prototypes  of  heterogeneous  rate  processes  are  (where  K  denotes  the  catalytic 
substrate) : 

(i)  Excitation  of  a  reactant  in  the  gas  phase. 


A  +  K  -*■  A/K 


AK  +  K 
B  +  C  +  K 


(a) 

(b) 


(ii)  Excitation  of  an  intermediate  adsorbed  on  the  surface. 


(A  +  B)/K  — 1 


(A8)/K 


-- ►  AB  +  K 
— ►  C  +  D  + 


K 


(C) 

(d) 


In  (i),  laser  radiation  may  enhance  the  adspecies-substrate  reaction 
(a)  and  the  decomposition  process  (b)  catalyzed  by  the  substrate.  Examples  of 

reaction  (b)  are  the  decomposition  of  CH^  on  RhJ  and  HCOOH  on  Pt.  An  example 

25 

of  reaction  (a)  is  IR-laser-induced  microetching  of  SI  in  the  SFg/Si  system. 

In  (ii),  laser  radiation  may  Influence  the  overall  reaction  rate  in 
several  ways:  (1)  by  increasing  the  mobility  of  the  reactant  atoms  (A  or  B) 
through  photon  excitation  of  the  A-K  or  B-K  bond  with  subsequent  enhancement 
of  the  reaction  rate  1^  [see  type  (VI)  in  Figure  2];  (2)  by  removal  of  the 
excess  energy  from  the  unstable  complex  (AB)  on  the  substrate  surface  via 
laser-stimulated  emission  accompanied  by  surface-phonor-mediated  relaxation, 
thereby  increasing  the  reaction  rate  (3)  by  breaking  the  AB-K  bond 
either  directly  through  laser  excitation  of  the  adspecies  or  indirectly 
through  thermal  desorption  by  laser  heating  of  the  surface  [see  types  (I) 
and  (IV)  in  Figure  2];  and  (4)  by  desorption  of  the  products,  thereby  increasing 
the  reaction  rate  k^  in  (d).  We  shall  first  look  at  the  influence  of  laser 
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radiation  on  reaction  (d)  and  then  consider  reaction  (c)  through 

laser-enhanced  migration  of  the  reactants. 

Let  us  consider  a  decomposition  reaction  whose  rate  is  inhibited  by 

the  products.  Examples  of  this  type  of  decomposition  kinetics  are:  (i)  NjO 

on  Pt  where  the  rate  of  decomposition  is  inhibited  by  the  adsorbed  oxygen; 

(ii)  ammonia  on  Pt  whose  decomposition  rate  is  greatly  inhibited  by  the 

hydrogen  formed  on  the  surface;  and  (iii)  the  dehydration  of  ethyl  alcohol 

on  aluminium  oxide.  For  simplicity  we  shall  consider  processes  where  only 

one  product  (B)  is  co-adsorbed  with  the  reactant  (A).  According  to  Langmuir's 

theory,  the  coverage  of  the  reactant,  6^,  and  the  coverage  of  the  product,  eB> 
.  35 

are  given  by 


Kpft  K'pB 

6a  =  i+kpa+k‘pb  •  0B  =  "I+Kp^+k 1  pg  * 


(15) 


where  K=k1/k2  and  K'  *  kjk2  are  the  equilibrium  constants  of  adsorption, 
kj(kp  and  k2 ( k^ )  are  the  adsorption  and  desorption  rate  constants  for  the 
reactant  (product),  and  pA  B  are  the  partial  pressures  of  the  reactant  (A) 
and  product  (B).  For  first-order  kinetics,  the  chemical  reaction  is 
described  by 


(16) 


which  is  proportional  to  the  coverage  of  the  reactant.  Therefore,  the 
reaction  rate  may  be  greatly  enhanced  by  increasing  the  reactant 
coverage  which,  as  shown  in  Eq.  (15),  is  inhibited  by  the  product 
coverage,  or  K'pB.  To  demonstrate  the  influence  of  laser  desorption  of  the 
product  on  the  reactant  coverage,  let  us  rewrite  Eq.  (15)  as 


It  is  seen  that  the  decrease  of  9g  will  increase  eA,  i.e.,  enhancement  of 

the  reactant  coverage, and  hence  the  reaction  rate, may  be  achieved  bv 

laser-induced  selective  desorption  of  the  product. 

We  shall  now  investigate  the  influence  of  laser  radiation  on  a  Langmuir- 

Hinshelwood  process  whose  reaction  rate  is  limited  by  the  diffusion  (or 

migration)  of  the  reactants  on  the  catalytic  surface.  Considering  the 

surface  reaction  A  +  B  -*■  AB,  with  the  assumption  that  B  is  fixed  and 

A  is  diffusing  toward  it,  the  probability  of  finding  A  at  some  position  r 
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at  time  t  is  given  by  a  diffusion  equation 
3P^,t:)  =  Dv2P(r,t)  +  J  -  , 

where  D  is  the  diffusivity  of  A  with  a  resident  time  x  and  flux  J  onto  the 

surface.  Employing  standard  techniques,  we  can  find  the  steady-state  two- 

dimensional  solution  of  Eq.  (18)  under  two  conditions:  P(rA,t)  *  0  and 

P(rQ,t)  =  constant,  where  r^  is  a  critical  distance  for  the  reaction  to 

occur  and  rg  defines  the  initial  concentration  of  A  molecules.  For  the 

situation  of  very  long  residence  time,  i.e.,  Dx  -*■  «,  the  steady-state  rate 
38 

constant  Is  given  by 
k  *  2irD/ln(r0/rA). 

In  the  presence  of  laser  radiation  which  selectively  Induces  the 
migration  of  adspecies  A,  the  total  diffusivity  consists  of  two  components 
(we  are  Ignoring  the  Interference  term). 


where  the  thermal  part  is  given  by  an  Arrhenius  expression 


n  _  n  /_jl _ \l/2  'EA/kBT 

°T  '  D0(4kBTEA)  e 


where  Eft  is  the  activation  energy  of  migration.  The  laser-induced 
component  is  given  by 


Dl  =  D^I/U2  +  r2), 


(21) 


(22) 


where  I  is  the  laser  intensity,  and  A  and  r  are  the  detuning  and  damping 
factors,  respectively,  of  the  excited  admolecule  A.  We  have  thus  seen  that 
the  rate  constant  of  a  diffusion- limited  reaction  may  be  greatly  enhanced  by 
laser- induced  migration  of  the  reactants  (A  or  B).  The  unique  feature  of 
laser-induced  migration  is  characterized  by  the  frequency-sensitive  expression 
of  Dl,  which  enables  us  to  selectively  enhance  the  desired  reaction  channel 
while  without  perturbing  the  remaining  environment.  A  possible  application 
of  laser-induced  migration  is  diffusion-controlled  isotope  separation 

on  a  solid  surface,  which  might  not  be  possible  when  the  reactants  are  in 

39  40 

gas  phase.  Other  types  of  laser-enhanced  surface  rate  processes,  such 

41 

as  laser-controlled  gas  diffusion  through  a  porous  membrance  and  rate 

42 

processes  on  metal  surfaces  involving  electronic  excitations,  have  been 
reported. 
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III.  Microelectronics 

In  the  creation  of  integrated  circuits  (IC),  the  processes  discussed 
in  Section  II  all  play  an  important  role.  For  instance,  the  desorption 
process  is  necessary  to  initially  clean  the  substrate,  and  the  migration 
process  can  be  used  to  move  dopants  to  a  desired  site.  However,  whereas 
catalysis  takes  place  on  a  surface,  the  creation  of  microelectronic  circuits 
on  a  semiconductor  chip  involves  the  transformation  of  the  surface  into  zones 
of  different  electrical  properties. 

In  the  following  parts  of  this  section,  we  focus  on  the  major  steps 
in  the  fabrication  of  IC  and  the  role  the  laser  can  play  in  such  processes. 

In  Part  A  we  examine  how  the  rate  and  position  of  deposition  can  be  controlled 
with  a  laser.  In  Part  B  we  show  that  the  continuation  of  the  deposition 
process  can  be  used  to  create  periodic  patterns  on  surfaces,  which  in  turn  can 
be  a  means  to  construct  highly-ordered  IC  chips.  Finally,  in  Part  C,  we  discuss 
how  the  laser  can  be  used  in  the  last  stages  of  circuit  preparation. 

A.  Deposition 

To  control  the  deposition  process,  a  laser  can  be  used  to  effect  changes 
on  the  substrate  surface  or  on  the  adspecies.  In  regard  to  the  adspecies, 
laser- induced  chemical  vapor  deposition  (LCVD)  may  be  cataloged  into:  (i)  photo- 
lytic  processes  where  the  reactant  gas  molecule  is  dissociated  (or  decomposed) 
by  the  laser  radiation  in  the  region  near  the  substrate  surface,  and  (ii)  pyro¬ 
lytic  processes  where  the  reactant  is  thermally  decomposed  when  it  is  adsorbed 
43 

on  the  substrate.  The  experimental  aspects  of  LCVD  have  been  extensively 
reviewed  and  we  shall  present  some  of  the  theoretical  aspects  below. 
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A  two-step  model  of  LCVD  has  been  proposed  by  Ehrlich  et  al^  to  describe 
experiments  where  metal  atoms  obtained  from  gaseous  organometallic  compounds 
are  deposited  on  a  semiconductor.  In  this  model,  the  initial  deposition  is 
achieved  by  pyrolytic  decomposition  of  the  adsorbed  organometallic  to  form  the 
metal  atoms  and  then  followed  by  gas-phase  photolytic  decomposition  to  form  the 
bulk  of  the  deposition.  Experimental  evidence  has  demonstrated  that  the  gas- 
phase  decomposition  is  the  dominant  factor  in  a  specific  system. ^  In  general, 
both  photolysis  and  pyrolysis  should  contribute  to  LCVD,  so  that  it  is  there¬ 
fore  desirable  to  develop  some  relationship  among  the  deposition  rate,  laser 
parameters  such  as  intensity  and  beam  radius,  pressure  of  the  reactants  and 
temperature  of  the  substrate. 

We  first  consider  the  pyrolytic  processes.  The  deposition  rate  achieved 
by  laser-induced  decomposition  of  the  adsorbed  species  is  given  by 


Rj  «  eoAIm/^, 


(23) 


where  oA  is  the  decomposition  cross  section  of  the  adspecies  with  coverage 

e,  I  is  the  laser  intensity  with  frequency  u>,  and  m  is  a  power-law  factor 

(1/3  s  m  s  l).  For  a  square  pulse  with  a  focused  beam  radius  of  a  on  the 

substrate,  Eq.  (23)  may  be  expressed  in  terms  of  the  laser  power  defined 
2 

by  PL  =  ifo  I,  which  leads  to  the  power-law  expression 
-2m 


'1 


Cja 


(24) 


For  photolytic  processes,  on  the  other  hand,  the  deposition  rate 
governed  by  dissociation,  diffusion  and  sticking  of  the  gas  species  is 
given  by 

R2  *  sNgaogIn’V«, 


(25) 


i 
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where  s  is  the  stri eking  probability  of  the  photodissociated  species,  with 
cross  section  og  and  concentration  Ng,  and  m'  is  another  power-law  factor. 

Here  we  have  assumed  that  the  deposition  is  formed  by  those  species  which 
are  within  the  distance  a  from  the  substrate  surface.  Similar  to  Eq.  (24), 

Eq.  (25)  may  also  be  expressed  as  a  power-law, 

R2  =  C2a"(2m'"1).  (26) 

Eqs.  (24)  and  (26)  provide  an  important  criterion  for  separating  the 

photolysis  and  the  pyrolysis  involved  in  LCVD  via  the  parameters  m  and  m1. 

Note  that  even  when  m  =  m' ,  the  power  law  of  R2  is  quite  different  from  that 

of  Rj.  For  example,  in  a  UV  deposition  of  organometallic  gases,  measurements 

show  that  R  =  co"n  with  n  =  0.73,  which  indicates  that  the  photolytic  process 
46 

is  dominant.  These  experimental  results  may  be  well  fitted  by  Eq.  (26)  with 

m'  -  0.87.  We  note  that  an  oversimplified  model  with  the  assumption  of  linear 

-2  -1 

absorption,  i.e.,  m  =  m'  =1  giving  R^  *  Cjo  and  R2  =  c2a  ,  does  not  provide 

46 

a  power  law  consistent  with  the  measurement.  It  is  more  likely  that  m  >  m' 

and  m',m  <  1,  given  the  assumption  that  both  multiphoton  processes  and  phonon 
relaxation  are  involved  in  the  pyrolysis  and  the  photolysis. 

44  47 

Mass -transport  limitations  on  the  rate  of  LCVD  have  also  been  reported.  * 

Two  kinetic  regimes  have  been  proposed:  (i)  the  surface  kinetic  regime  where 
the  deposition  rate  is  proportional  to  the  reactant  pressure  when  the  laser 
beam  radius,  o,  is  smaller  than  a  scaling  length,  ag,  and  (ii)  the  diffusion- 
limited  regime,  a>>ag,  where  the  deposition  rate  is  limited  by  the  diffusion 
kinetics  and  is  independent  of  pressure. 

Experiments  have  also  shown  that  due  to  the  nonlinear  dependence  of 
the  deposition  rate  on  temperature,  the  resulting  LCVD  linewidth  (via 
pyrolytic  processes)  may  be  substantially  narrower  than  both  the  surface 
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temperature  and  the  laser  beam  spatial  profiles.  ’  *  Generation  of  micro¬ 

scale  LCVD  via  pyrolysis  may  be  analyzed  by  an  overall  reaction  rate  which  is 
governed  by  the  rate-limiting  steps,  namely,  the  decomposition  of  the  adsorbed 
reactants  and  desorption  of  the  product  gas  from  the  substrate.  To  demonstrate 
the  spatial  resolution  of  LCVD,  let  us  consider  the  Arrhenius-type  reaction  rate 

R(r)  =  Rq  exp[-EA/kBT*(r)],  (27) 

where  is  an  activation  energy  (for  the  deposition)  and  T*(r)  is  the  peak 
surface  temperature  of  the  laser-heated  substrate.  Let  us  assume  a  Gaussian 
laser  profile,  both  temporally  (in  t)  and  spatially  (in  r): 

I(t,r)  =  IQ  exp[-(r/a)2  +  (t/tp)2].  (28) 

50 

We  may  then  write 

T*(r)  =  Tq  exp(-r2/a2),  (29) 

Tq  «»  0.8  Ts(tp,0).  (30) 

Ts(tp,0)  is  the  peak  surface  temperature  at  the  spot  center  of  a  square 
(temporal)  laser,  with  pulse  width  tp,  given  by 

yyo)  =  2I0(tpAKpCv)1/2  (31) 

where  K  is  the  thermal  conductivity,  p  is  the  mass  density,  and  Cy  is  the  heat 
capacity. 

Combining  Eqs.  (27)  and  (28),  we  may  evaluate  a  spatial  scaling  factor  S 
defined  by  the  ratio  of  the  e’1  fall  point  width  of  the  temperature  (or  laser 
Intensity)  profile  (2a)  and  of  the  deposition  profile  (2W), 
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S  =  [\  ln(l+kBT0/EA)]_1 
:  2EA/kgT0,  for  kgT0«EA. 

As  shown  in  Figure  3,  the  scaling  factor  is  an  increasing  function  of  EA 
for  a  fixed  surface  temperature,  and  the  LCVD  spaiial  profile  may  be  signi¬ 
ficantly  narrower  than  that  of  the  temperature  (or  intensity).  Experimental 

results  have  demonstrated  S  r  2.5  for  Ni  deposited  on  a  silica  surface  with 
48 

a  focused  COg  laser  and  S  ;  5  for  a  diffusion-limited  submicrometer  B  doping 
49 

pattern. 

In  addition  to  the  above  processes,  we  can  also  effect  changes  in  the 

deposition  process  by  using  the  laser  to  excite  the  surface  of  the  substrate. 

To  do  this,  we  must  first  consider  the  energy  level  structure  of  the  surface. 

In  a  crystalline  solid,  the  electronic  energy  levels  form  a  number  of  quasi - 

continuous  valence  and  conduction  bands.  In  a  semiconductor,  the  upper 

valence  band  and  lower  conduction  band  are  separated  by  an  energy  gap;  in 

a  metal  these  bands  overlap.  The  electronic  charge  density  associated  with 

these  energy  bands  is  more  or  less  uniform  throughout  the  crystal.  With  the 

addition  of  a  surface,  however,  a  number  of  extra  bands  and  local  states  are 
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formed.  Futhermore,  the  charge  density  associated  with  these  surface  bands 
is  localized  in  the  surface  region.  Consequently,  by  using  a  laser  to  excite 
electrons  to  or  from  these  surface  bands,  the  surface  charge  density  could  be 
increased  or  decreased.  Using  a  simple  one-dimensional  (1-D)  model,  we  shall 
show  that  this  process  and  the  subsequent  Coulombic  interaction  with  an  dopant 
adspecies  could  enhance  the  deposition  process.  Furthermore,  by  selective 
excitations,  the  laser  can  be  used  to  control  the  type  and  position  of  the 
deposited  species. 


(32) 


For  a  1-D  semiconductor  of  length  L  and  lattice  constant  a,  the 
solutions  of  the  Schrodinger  equation  can  be  obtained  within  the  nearly- 
free-electron  approximation.  The  energy  for  the  bulk  electronic  states  is 
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[k2  +  (k-g)2]  ±  /[k5 


(k-g)2]2  + 


4E 


(33) 


where  Eg  is  the  band  gap  energy,  k  is  the  wavenumber  of  the  electron,  and 
g  =  2n/a  is  the  reciprocal  lattice  vector.  The  results  for  the  conduction 
band  (positive  branch)  and  the  valence  band  (negative  branch)  are  illustrated 
in  Figure  4.  The  wavefunctions  are  construction  from  sums  of  plane  waves. 

For  example,  at  the  top  of  the  valence  band  we  have 


\(z)  =  ^Y/2  sint(fHz  *  f)  +  e] 


(34) 


for  inside  the  semiconductor  and 

2  -q(z  -  4) 

\(z)=[I7Ie  sine 


(35) 


for  outside  the  semiconductor.  The  phase  factor,  e,  is  determined  by  the 
continuity  condition  and  q  =  (2 U  -  k2)*^,  where  W  is  the  sum  of  the  work 
function  and  Fermi  energy. 

Since  the  semiconductor  is  finite,  in  addition  to  the  above  solutions 

of  the  Schrodinger  equation,  there  exist  solutions  with  complex  crystal 

*  52,53 

momentum: 


k  =  g/2  +  1 < . 


(36) 


* 
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Using  this  in  the  energy  expression,  Eq.  (33),  we  obtain 


E 

< 


(37) 


Lifewise,  the  nearly-free-electron  approximation  to  the  wavefunction  gives 


4>k(z)  =  C$sin[(|)(z 


-  f)  +  fl]e 


(38) 
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where  is  a  normalization  constant.  The  external  wavefunction  will 
have  the  same  form  as  Eq.  (35).  The  surface  state  energy,  Eq.  (38),  is 
also  illustrated  in  Figure  4  by  the  band  labeled  S.  These  are  surface 
states  since  the  charge  density  associated  with  them  is  localized  in 
the  surface  region  due  to  the  exponential  factor  in  Eq.  (38).  The  bulk 
states,  Eqs.  (34)  and  (35),  however,  are  not  damped  and  thus  have  charge 
distributed  throughout  the  system. 

If  we  excite  electrons  from  the  valence  band  to  the  surface  band, 
charge  will  be  transfered  from  the  bulk  of  the  semiconductor  to  the  surface. 
The  resultant  Coulombic  effect  could  have  significant  influence  on  the 
deposition  process.  Laser-induced  transitions  to  the  surface  states  will 
be  governed  by  the  integral 


H<k(t)  =  <te|ft*p|k>,  (38) 

where  X  is  the  vector  potential  of  the  laser  radiation  and  p  is  the  momentum 
operator  of  the  electron.  Using  the  appropriate  wavefunctions  in  Eq.  (38), 
it  can  be  shown  that  the  only  appreciable  bul k-to-surface  transition  occurs 
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when  the  real  part  of  the  crystal  momentum  is  conserved.  Since  the 
surface  state  crystal  momentum  is  given  by  Eq.  (36),  bulk  states  excited 
by  the  laser  will  be  confined  to  the  top  of  the  valence  band. 

To  calculate  the  transition  rate,  T,  the  square  modulus  of  Eq.  (38) 
is  summed  over  all  initial  and  final  states.  After  some  algebra,  this 


l«l£|g/2>0 


1  -  e 


(39) 


where  I  is  the  intensity  of  the  laser,  w  is  the  laser  frequency  in  resonance 
with  the  transition,  and  the  subscript  zero  indicates  integration  over  the 
first  unit  cell.  Finally,  we  obtain  the  cross  section,  a,  from  the  relation 
ship, 


Figure  5  depicts  the  behavior  of  the  cross  section  over  the  entire 

O 

frequency  range.  The  values  for  the  lattice  constant,  a  =  2.35  A,  and  the 
energy  gap,  Eg  =  1.17  eV,  are  typical  of  silicon.  At  both  extremes  k  goes 
to  zero  and  a  diverges.  This  occurs  because  at  the  surface  band  edge  the 
charge  associated  with  the  surface  states  becomes  more  and  more  delocalized 
throughout  the  lattice,  until  at  k  =  0  the  charge  is  completely  delocalized. 
At  this  point  the  surface  states  become  bulk  states,  and  instead  of  cross 
sections,  one  should  consider  absorption  coefficients. 

Since  the  charge  depth  increases  as  we  move  away  from  the  mid-gap 
region,  we  wish  to  excite  surface  states  near  0.5  Eg  to  obtain  the  greatest 


effect  on  the  surface  charge.  From  Figure  5,  we  see  that  in  this  region 
the  cross  section  is  quite  substantial.  Consequently,  we  would  expect  a 
la-er  tuned  to  a  frequency  near  0.5  Eg  to  be  an  effective  controller  of 
surface  charge. 

To  examine  the  effect  of  this  surface  charge  on  adspecies,  we  have 
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evaluated  the  electronic  densities  in  the  surface  region  for  silicon. 

The  resultant  densities  exhibit  oscillations  due  to  the  concentration  of 
charge  around  the  ions.  If  one  excites  surface  states  near  the  gap  center, 
the  charge  concentration  in  the  first  few  layers  of  the  surface  will 
increase  up  to  about  thrice  the  average  bulk  density. 

If  a  charged  dopant  is  above  the  surface,  this  excess  charge  in  the 
surface  region  can  produce  a  marked  effect  on  the  dopant-surface  inter¬ 
action.  This  interaction  can  be  written  classically  as 

U(Zj  )  =  -/dr  n(z)  v(r) , 

with 

r  =  [x2  +  y2  +  (z  -  Zj)2]172, 

where  n(z)  is  the  electron  charge  density  and  v(r)  is  the  electron-ion 
potential  of  the  adspecies  at  Zj.  If  we  take  v(r)  to  be  Coulombic  with 
Thomas-Fermi  screening,  we  can  readily  evaluate  the  integrals  over  x  and 
y  to  obtain 
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where  x  is  the  Thomas-Fermi  screening  parameter  and  Z  is  the  charge  on  the 
adspecies.  Since  we  are  not  concerned  with  the  interaction  of  adspecies 
with  the  semiconductor  in  the  ground  state,  we  only  consider  the  excited 
surface  state  contribution  to  the  potential  (superscript  S).  We  can 
thus  obtain 

£ 

=  e‘XzlA(<)  -  e'2qzlB(<),  (44) 
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where  the  coefficients  A(<)  and  B(<)  are  given  elsewhere.  This  equation 
has  been  evaluated  for  a  number  of  surface  states,  and  the  results  are  plotted 
in  Figure  6.  As  one  moves  to  large  |<j  (energies  near  the  gap  center),  the 
curves  clearly  show  that  both  the  magnitude  and  the  range  of  the  surface 
charge  interaction  increase.  Since  we  have  found  that  the  surface  charge 
also  increases  under  these  circumstances,  this  is  exactly  what  is  expected. 

All  curves,  however,  show  an  appreciable  contribution  to  the  potential 
produced  by  the  surface  with  |k|  >0.1  E^/g. 

Thus,  we  see  that  an  appreciable  effect  on  the  dopant-surface  interaction 
can  be  produced  by  use  of  a  laser  to  localize  electronic  charge  in  the 
surface  region.  If  the  dopant  of  interest  is  positively  charged,  the  rate 
of  deposition  can  be  controlled  by  the  laser.  Furthermore,  negative  species 
in  the  dopant  gas  will  be  repelled;  thus  the  effect  of  impurities  would  be 
minimized.  In  a  more  complete  model  of  a  semiconductor,  both  occupied  and 
empty  surface  states  could  exist  in  the  ground  state.  A  laser  could  then 
be  used  to  excite  holes  as  well  as  electrons  to  these  surface  states,  and 
thus  the  deposition  of  both  negatively  and  positively  charged  dopants 
could  be  controlled. 


\ 
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Although  most  IC  technology  involves  the  doping  of  semiconductor 
surfaces,  metals  still  play  an  important  role  in  microelectronics.  The 
most  obvious  use,  of  course,  is  the  use  of  metal  interconnections  for 
the  circuits  on  a  semiconductor  chip.  Since  other  layers  may  well  be 
deposited  on  these  metal  connectors,  laser  control  of  the  metal  surface 
charge  would  also  be  beneficial  in  the  deposition  process. 

As  with  a  semiconductor,  a  metal  can  be  modeled  as  a  truncated  1-D 
chain  with  expressions  for  the  bulk  and  surface  wavefunctions  and  their 
associated  energies  of  the  same  form  as  those  for  the  semi  conductor. 

However,  whereas  the  lower  band  in  a  semiconductor  is  completely  filled 
(see  Figure  4),  in  a  metal  this  band  is  only  partially  filled.  For  example, 
in  the  case  of  sodium,  the  top  of  the  lower  band  lies  at  3.8  eV,  but  the 
band  is  only  occupied  up  to  3.1  eV  in  the  ground  state. 

If  we  shine  a  laser  on  the  metal,  electrons  cannot  be  directly  excited 
from  the  bulk  to  the  surface.  This  is  due  to  our  selection  rule  which  says 
that  we  can  only  excite  bulk  states  with  k  =  g/2.  In  a  metal,  there  are 
no  occupied  bulk  states  with  real  crystal  momentum  at  or  near  this  value. 

To  overcome  this  problem,  the  electrons  can  be  excited  to  the  k  *  g/2  state 
with  the  phonons  of  the  crystal  before  excitation  into  the  surface  states 
by  the  laser  photons.  Thus  photons  would  supply  the  energy  needed  for  the 
transition,  and  phonons  would  supply  the  needed  crystal  momentum. 

If  we  assume  a  thermal  distribution  of  phonons,  the  cross  section  for 
the  excitation  of  surface  electrons  in  a  metal  can  be  readily  calculated: 

a  -^Is(k)a(1){<), 

K 


(45) 
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where  N  is  the  number  of  atoms  in  the  metal,  k  is  the  wavevector  of  the 
desired  phonon,  and  s(k)  is  a  scaling  factor.  The  cross  sections, 
a^(ie) ,  are  of  the  same  form  as  those  calculated  for  semiconductors, 

Eqs.  (39)  and  (40).  This  cross  section,  given  by  Eq.  (45),  was  calculated 
and  found  to  be  smaller  than  the  semiconductor  cross  sections  by  a  factor 
of  10  .  This  means  that  a  larger  laser  power  (10  -  100  kW/cm  ,  in 
contrast  to  1  -  10  W/cm  )  would  be  needed  to  achieve  a  similar  surface 
excitation.  Subsequent  interactions  with  a  species  being  deposited  would 
likewise  be  affected. 

Consequently,  we  have  clearly  demonstrated  that  lasers  can  be  used  to 
control  surface  charge  in  both  metals  and  semiconductors.  This  charge  can 
be  very  effective  in  controlling  both  the  rate  and  type  of  deposition. 
However,  in  addition  to  controlling  the  deposition  process  with  a  laser, 
we  are  also  interested  in  controlling  the  circuit  geometry  of  the  deposition, 
as  discussed  below  in  Part  B. 

B.  Lithography 

In  the  above  Part  A,  we  have  shown  how  a  laser  can  be  used  in  the 
deposition  process.  Both  the  deposition  rate  and  type  of  adspecies  can  be 
effectively  controlled  by  using  the  laser  to  manipulate  surface  charge.  To 
build  a  microelectronic  circuit,  however,  we  must  also  be  able  to  control 
the  position  of  the  deposition. 

The  geometric  layout  of  the  circuit  can  be  controlled  in  the  deposition 
process  by  limiting  the  focus  of  the  laser  to  a  given  area.  Only  this  region 
of  the  surface  will  develop  an  excess  (or  deficient)  surface  charge.  Thus 
the  adsorption  of  the  chosen  circuit  component  would  be  selectively  favored 
(or  disfavored)  in  the  region. 
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Once  the  first  layer  of  the  circuit  is  established,  the  surface  will 
now  be  divided  into  different  regimes,  e.g.,  p-doped  and  n-doped  regions. 
Since  the  electronic  energy  levels  of  each  of  these  regions  are  different, 
a  laser  could  be  used  to  selectively  excite  one  region  while  leaving  the 
neighboring  areas  unaffected.  The  adsorption  of  the  next  layer  of  the 
circuit  would  consequently  be  controlled  by  this  regional  adjustment  of 
surface  charge. 

Using  the  method  of  localized  excitation  of  the  surface  would  permit 
one  to  construct  virtually  any  semiconductor  device.  However,  it  would 
have  to  be  done  stepwise,  where  each  circiut  component  is  built  bit  by  bit 
across  the  surface.  This  could  prove  to  be  very  time  consuming  for  large 
circuits. 

CO 

Over  the  past  several  years,  a  number  of  researchers  have  observed 
periodic  patterns  developing  on  the  surfaces  of  solids  that  were  exposed 
to  laser  radiation.  These  patterns  have  been  seen  on  various  metals, 
insulators,  and  both  doped  and  pure  semiconductors.  Since  many  IC,  like 
charge-coupled  devices  and  memory  chips,  have  a  large  degree  of  order  in 
their  surface  design,  using  the  laser-induced  periodic  surface  structure 
as  a  means  to  create  circuits  is  a  distinct  possibility. 

To  resolve  any  difficulties  in  the  creation  of  microelectronic  circuits 

by  this  method,  one  must  consider  how  this  laser-induced  periodic  surface 

structure  is  produced.  Incident  radiation  of  the  laser  is  converted  to 

surface  plasmons  via  surface  roughness.  These  surface  plasmons  in  turn 

59 

create  a  periodic  electric  field  on  the  surface.  This  field  in  turn 
leads  to  selective  enhancement  of  the  deposition  process.  Brueck  and 
Ehrlich®**  have  adapted  the  formalism  of  Rayleigh***  to  describe  this 


X 
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phenomenon.  They  have  found  that  the  growth  rate  of  the  patterns  is  pro¬ 
portional  to  the  laser  intensity.  However,  their  theory  is  perturbative 

and  only  can  be  used  to  explain  how  the  periodic  structure  is  initiated. 
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Recently  there  has  appeared  a  solution  of  the  problem  of  a  square- 
well  metallic  grating  in  an  applied  electromagnetic  field  (Figure  7b). 

Such  a  solution  is  restricted  to  explaining  the  most  qualitative  features 
of  sinusoidal  grating  formation.  We  have  established  a  general  formulation 
of  the  problem  which  is  capable  in  principle  of  handling  gratings  of  any 
shape  or  depth. ^ 

For  p-wave  scattering.  Maxwell's  equations  can  be  written  as 

where  is  the  component  of  the  magnetic  field  H  in  the  direction 
perpendicular  to  the  lattice  vector  of  the  grating  (Figure  7).  For  a 
square-well  grating,  is  separable, 

Hy(x,y)  =  Z(z)X(x) ,  (47) 

and  Eq.  (46)  can  be  written  as  two  coupled  first-order  differential 
equations: 

■^4  *  -a2z  (48a) 

3Z 

If +  -  A^x  m  °- 

3X 


(49a) 
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When  the  applied  radiation  is  incident  normal  to  the  grating,  it  is  found 
that  A  is  the  solution  of  the  equation 

1  -  cos (sd/2) cos (ad/2)  +  l/2[£a/e  +  B/(a£)]sin(Bd/2)sin(ad/2)  =  0,  (50) 

where  d  is  the  period  of  the  grating,  e  is  the  dielectric  constant  of  the 
grating,  a  =  (kg  -  A2)1/2  and  b  =  (£kg  -  A2)1^2. 

The  problem  to  be  considered  (Figure  7c)  is  that  of  a  multilayered 
grating.  In  each  layer  the  grating  is  periodic  and  the  general  solution  to 
Eq.  (48)  for  the  n-th  layer  may  be  written  as 

"  |Vx)[V!iAni2  ♦  V'IW1.  (51) 

where  the  coefficients  A  and  B  are  to  be  determined  by  the  boundary  condi¬ 
tions  between  layers,  and  A^  is  the  £-th  solution  to  Eq.  (50)  for  the  n-th 
layer.  By  applying  the  boundary  condition  of  continuity  of  H  and  between 

y 

layers,  we  can  establish  the  recursion  relations  for  A  and  B, 

(52a) 
(52b) 

where  the  matrices  C,  D,  E  F  are  determined  by  the  periodic  structure  of 

each  layer.  Furthermore,  we  can  establish  boundary  conditions  between  the 

top  two  layers  and  the  two  lowest  layers.  In  the  topmost  (inifinte)  layer, 
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the  eigensolution  is  written  as 


An  *  ^n,n-lAn-l  +  Fn,n-lBn-l 
Bn  =  Cn,n-lVr  "*Dn,n-lBn-l’ 


y1  .  e"^02  +  y  r  eikoCYnx  +  (l-Yn2)1/2z] 

__  n 
n®-« 


(53) 
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In  the  lowest  (infinite  layer)  we  have 

ylll  _  y  j  g^oCYn*  “  (e"Yn  )  ^  z] 
n=-“>  n 

where  yn  =  -^p  • 

It  is  now  possible  to  establish 
Aj  =  aD  +  bR 
B1  =  bD  +  aR, 

where  D  is  a  unit  vector.  In  addition, 

An  *  LBn,  (56) 

where  N  labels  the  penultimate  (finite)  layer,  and  the  matrix  L  is 
determined  by  the  parameters  which  characterize  that  layer.  However, 
by  applying  the  recursion  relations  of  Eq.  (52),  it  is  possible  to 
establish 


(55a) 

(55b) 


(57a) 

(57b) 


Rearranging  (56)  and  (57)  gives 
R  -  (J2  -  LK2)_1  (LKx  -  JjJD, 


-  JjD  +  JgR 

Bn  »  KXD  ♦  K2R. 


(58) 
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and  by  employing  Eq.  (52)  once  more  we  arrive  finally  at  a  matrix  equation 
“►  -¥ 

for  the  vectors  Aj^  and  BM> 
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Preliminary  calculations  for  a  square-well  cadmium  grating  have 
been  performed.  It  was  discovered  that  the  perturbation  model  is  in 
qualitative  agreement  with  this  calculation,  at  least  up  to  grating  depths 
of  50  nm.  However,  our  model  for  a  layered  grating  is  more  able  to  predict 
qualitatively  the  behavior  of  the  laser  periodic  surface  deposition  at 
large  pattern  depths. 

Although  further  work  is  needed  in  this  area,  laser-induced  periodic 

surface  deposition  holds  promise  for  use  in  the  creation  of  highly  periodic 

IC.  Furthermore,  the  construction  of  the  metal  interconnection  grid  on  the 

45 

circuit  may  also  be  approached  through  this  method.  Several  other  uses 

for  surface  waves  excited  by  laser  radiation  in  the  circuit  lithographic 

process  are  possible.  For  example,  if  deposited  atoms  spread  from  the 

desired  regions  into  adjacent  areas,  it  may  be  possible  to  move  them  back 

with  a  surface  wave.  Such  laser-induced  migration  has  been  shown  to 

produce  selective  motion  of  adspecies  that  is  several  orders  of  magnitude 

greater  than  the  typical  thermal  process.®^  Also,  it  may  be  possible  to 

use  a  surface  wave  as  one  of  the  reference  waves  in  a  holographic  process. 

Such  a  hologram  could  preserve  the  entire  details  of  a  microelectronic 
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circuit  with  resolution  on  the  submicrometer  level. 

Both  selectively  exciting  surface  areas  and  the  use  of  surface  waves 
have  been  shown  to  be  useful  in  microelectronic  lithography.  Laser-induced 
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periodic  pattern  deposition,  in  particular,  holds  great  promise  for  circuit 
construction.  This  technique  is,  however,  in  the  developmental  stage. 

C.  Annealing  and  Testing 

During  the  construction  of  a  microelectronic  circuit,  the  semiconductor 
chip  goes  through  a  variety  of  stresses.  These  stresses,  such  as  the  impact 
of  ion  implantation,  introduce  various  types  of  defects  into  the  crystalline 
semiconductor  material.^’®7  Another  problem  is  the  fact  that  many  of  the 
dopant  adspecies  that  were  deposited  on  the  surface  have  failed  to  penetrate 
the  surface  to  any  significant  degree.  Such  diffusion  is  necessary  to  ensure 
uniform  doping  of  "p"  and  V  semiconducting  regions.  Both  of  the  above 
problems  have  been  previously  solved  by  heat  curing. 

The  entire  semiconductor  wafer  spends  a  long  time  in  a  high-temperature 
furnace.  This  will  indeed  remove  most  of  the  crystal  defects  caused  by 
fabrication  and  insure  proper  diffusion  of  the  dopants.  However,  the 
lengthly  heating  time  makes  the  chip  vulnerable  to  defects  introduced  by 
contaminants  from  the  furnace.  Furthermore,  the  heating  itself  can  introduce 
stresses  and  defects  into  the  material. 

Instead  of  such  oven  processing  of  the  semiconductor,  many  manufacturers 
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are  turning  to  the  laser  for  annealing  the  surface.  ’  Laser  focusing  limits 
irradiation  to  specific  surface  areas,  thus  minimizing  damage  to  the  bulk  and 

the  remaining  parts  of  the  surface.  Furthermore,  since  the  laser  exposure 
is  confined  to  short  periods  of  time  on  the  surface,  only  the  surface  states 
are  appreciably  excited.  Thus,  only  the  ambient  temperature  of  the  surface 
rises;  the  bulk  of  the  crystal  remains  untouched.  Consequently,  this  laser 
"cold"  processing^  ensures  no  thermal  damage  to  most  of  the  crystal. 
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In  addition  to  correcting  circuit  errors  by  laser  annealing,  the 
selectivity  of  the  laser  beam  can  be  used  to  correct  specific  mistakes. 

In  the  construction  of  the  metal  pathways  that  link  the  various  regions 
of  the  semiconductor,  some  connections  may  be  omitted  while  other  extra 
connections  can  be  added.  This  problem  may  result  from  faulty  design 
or  damage  in  the  chip  fabrication.  Experimental  work/®  however,  has  shown 
that  a  laser  can  be  used  to  make  or  break  the  "metallization"  paths.  Conse¬ 
quently,  the  laser  proves  itself  useful  in  correcting  both  crystal  defects 
and  specific  circuit  problems. 

Finally,  the  laser  can  be  used  to  monitor  semiconductor  crystal  growth 
and  sense  defects  in  the  IC.71  In  the  growth  of  crystal,  the  laser  can 
monitor  the  appearance  of  defects  in  the  cyrstalline  structure.  Consequently, 
the  conditions  of  growth  can  then  be  immediately  altered  to  minimize  these 
defects.  Furthermore,  after  the  circuit  is  etched  on  the  semiconductor 
chip,  the  laser  light  can  be  scattered  off  the  chip  and  the  signal  compared 
with  a  standard.  Such  laser  inspection  is  much  faster  and  more  error  free 
than  visual  inspection  with  an  optical  microscope. 

IV.  Concluding  Remarks 

Lasers  clearly  play  an  important  role  in  heterogeneous  catalysis.  We 
have  shown  them  to  be  effective  in  the  control  of  the  rate  and  specificity 
of  both  desorption  and  migration.  Surface  chemical  reactions  can  also  be 
effectively  stimulated  by  exposure  to  laser  radiation.  The  results  so  far 
indicate  the  possible  realization  of  synergistic  catalysis  with  a  combined 
laser-surface  system,  which  could  be  more  efficient  than  the  laser  or  the 
surface  alone.  In  the  realm  of  microelectronics,  the  laser  has  been 
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demonstrated  to  not  only  increase  the  deposition  of  a  new  circuit  layer  but 
to  selectively  regulate  the  lithographic  pattern  of  the  circuit.  The  laser 
has  also  been  shown  to  be  a  major  boom  to  the  electronics  industry  in  the 
annealing  and  final  testing  of  integrated  circuits.  Finally,  further  work 
is  suggested  in  the  area  of  laser-stimulated  patterned  deposition  for  the 
duplication  of  present  circuits  by  holography  and  the  construction  of  highly- 
ordered  microelectronic  chips. 
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1.  Schematic  potential  energy  curves  as  functions  of  the  normal  distance  z 

from  the  substrate  surface.  The  incoming  particle  with  an  initial 

kinetic  energy  K.  may  be  adsorbed  onto  the  surface  by  the  transition 
J 

from  the  electronic  state  I  to  state  II*.  The  curve-crossing  proba¬ 
bility  may  be  enhanced  by  a  visible  laser  (frequency  u,  j)  inducing 
electronic  excitation  of  state  II  to  II',  and  an  IR  laser  (frequency 
u, -)  inducing  vibrational  excitation  within  the  bound  states  of  the 
diabatic  potential  curve  II'.  The  most  probable  transition  occurs 
at  the  crossing  point  Xc. 

2.  Schematic  diagrams  of  adspecies-surface  systems  and  the  associated  energy 
levels,  where  A,  B  and  M  represent  the  adspecies  (adatom  or  admolecule), 

C  represents  the  substrate  (or  bath  modes),  and  the  laser  radiation  is 
indicated  by  the  wiggly  lines.  Several  types  of  desorption  channels  are 
illustrated:  (I)  direct  desorption  via  active-mode  excitation,  (II)  direct 
desorption  via  the  quasi-continuum,  (III)  indirect  desorption  via  tunneling, 
(IV)  indirect  desorption  via  substrate  heating,  (V)  phonon-assisted 
desorption  and  (VI)  indirect  desorption  via  dynamics. 

3.  Scaling  factor  S  versus  E^/kgTg  for  LCVD  via  a  pyrolytic  process,  where 
S  =  a/W  as  shown  in  the  inset  for  a  Gaussian  laser  pulse  (solid  curve). 

The  deposition  profile  is  shown  by  the  dashed  curve. 

4.  Dispersion  relationship  in  complex  crystal  momentum  space  (k  +  i<)  for 
a  finite  one-dimensional  semiconductor.  The  valence,  surface  and 
conduction  bands  are  labeled  V,  S  and  C,  respectively. 

O 

5.  Absorption  cross  section,  c  (in  A),  for  surface  states  versus  the  frequency 
of  the  exciting  radiation. 

6.  The  magnitude  of  the  surface  interaction  potential  (in  mil  1 ihartrees) 
at  various  distances  from  the  surface.  The  solid  line  represents  the 
system  with  excited  state  kt  = -E^/g;  the  dashed  line,  <  =  -0.5  Eg/g ;  and 

the  dotted  line,  <  =  -0.1  Eg/9,  all  in  the  lower  surface  energy  branch. 
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7.  (a)  Sinusoidal  grating.  The  hatched  area  represents  the  substrate. 

(t>)  Square-well  grating  showing  a  separation  into  three  layers,  one 
of  which  is  periodic  along  the  surface,  and  two  of  which  are  uniform, 
(c )  General ization  of  the  square-well  grating  in  which  there  are 
three  periodic  layers. 
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